When starved, the amoebae of Dictyostelium discoideum initiate a developmental process that results in the formation of fruiting bodies in which stalks support balls of spores. The nutrients and energy necessary for development are provided by autophagy. Atg1 is a protein kinase that regulates the induction of autophagy in the budding yeast Saccharomyces cerevisiae. In addition to a conserved kinase domain, Dictyostelium Atg1 has a C-terminal region that has significant homology to the Caenorhabditis elegans and mammalian Atg1 homologues but not to the budding yeast Atg1. We investigated the function of the kinase and conserved C-terminal domains of D. discoideum Atg1 (DdAtg1) and showed that these domains are essential for autophagy and development. Kinase-negative DdAtg1 acts in a dominant-negative fashion, resulting in a mutant phenotype when expressed in the wild-type cells. Green fluorescent protein-tagged kinase-negative DdAtg1 colocalizes with red fluorescent protein (RFP)-tagged DdAtg8, a marker of preautophagosomal structures and autophagosomes. The conserved C-terminal region is essential for localization of kinase-negative DdAtg1 to autophagosomes labeled with RFP-tagged Dictyostelium Atg8. The dominant-negative effect of the kinase-defective mutant also depends on the C-terminal domain. In cells expressing dominant-negative DdAtg1, autophagosomes are formed and accumulate but seem not to be functional. By using a temperature-sensitive DdAtg1, we showed that DdAtg1 is required throughout development; development halts when the cells are shifted to the restrictive temperature, but resumes when cells are returned to the permissive temperature.
Dictyostelium discoideum amoebae have an elaborate program of development that begins with the aggregation of many thousands of amoebae by chemotaxis, followed by the formation of a mound of adhering cells. The mound transforms into a motile slug, which forms a fruiting body consisting of a spore mass on a thin stalk (16) . Development occurs only during starvation, and therefore there must be turnover of macromolecules to provide energy and chemical constituents to the developing cells (40) .
In the face of starvation most eukaryotic cells induce a process of self-digestion called macroautophagy (hereafter, autophagy). Dictyostelium amoebae starving in a nitrogen-free medium survive with near 100% viability for 2 weeks (26, 28) . Their survival in the nitrogen-free medium depends on the process of autophagy. The events of autophagy begin with a preautophagosomal structure that forms a double membrane autophagosome, which envelops cytoplasm and organelles. These autophagosomes become digestive vacuoles by fusion with a hydrolase-containing vacuole or lysosomes.
By mutating the genes that code for Dictyostelium homologues of the budding yeast ATG1, ATG5, ATG6, ATG7, and ATG8, we have shown that autophagy is essential for development and is probably coordinated with it (26, 28) . A previously identified Dictyostelium gene called tipD is the homologue of Atg16L, the mammalian homologue of ATG16 (23, 33) . Dictyostelium autophagy mutants die in nitrogen-free medium much earlier than wild-type cells. They do not progress beyond early stages of development, although the development of some mutants can be partially rescued by exogenous amino acids (G. Otto, unpublished observations). Starving autophagy mutants do not degrade their cytoplasmic contents, so that by transmission electron microscopy (TEM) they are full of organelles and cytoplasmic contents, while the wild-type cells have depleted cytoplasm (see below). In addition, autophagy mutants and parental cells that have been starved display different densities after Percoll gradient centrifugation (T. Tekinay, unpublished observations). Autophagy mutants are strictly cell autonomous, as wild-type cells in a chimera with autophagy mutant cells do not rescue their development.
In Saccharomyces cerevisiae, Atg1 interacts with several other proteins including Atg13, Atg17, Vac8, and Atg11 (8, 14, 32) . Atg13 is hyperphosphorylated during growth by the Tor (target of rapamycin) kinase, preventing its association with Atg1 (1, 14) . Autophagy is therefore blocked, and the cytoplasm-to-vacuole transport (CVT) pathway is induced. When cells starve, Tor is inactivated, and Atg13 becomes hypophosphorylated, increasing its interaction with Atg1 and initiating autophagy. The CVT pathway is not known to occur in Dictyostelium or other organisms. Although Dictyostelium possesses orthologues of most known autophagy genes, it lacks recognizable ATG13 and ATG17 coding sequences, as do other higher organisms except plants. This difference led us to ask whether Atg1 performs the same role in Dictyostelium as it does in S. cerevisiae.
The D. discoideum Atg1 (DdAtg1) kinase domain (266 amino acids) shares significant sequence homology with Caenorhabditis elegans UNC-51 (Fig. 1B) . There is also homology at the 122-amino-acid C-terminal region. The unc-51 mutant worms are paralyzed, egg-laying defective, and dumpy and have defects in axonal elongation (25) . It was shown that UNC-51 is required for autophagy during dauer formation in C. elegans (22) , although there is no direct evidence that autophagy is essential for axonal elongation. The mouse and human genomes have two copies of Atg1 homologues called UNC-51-like kinase 1 (ULK1) and ULK2 (42, 41, 18) . The C-terminal homology of DdAtg1 with UNC-51 is also found with mouse and human ULK2. Dominant-negative versions of both mouse homologues of ULK1 and ULK2 inhibit neurite expansion of primary granule neurons in vitro, suggesting that ULK proteins have a role in axon elongation like the C. elegans UNC-51 (39), but the involvement of the ULK proteins in autophagy is not established. Abeliovich and colleagues suggest that the kinase activity of Atg1 is necessary for CVT but not for autophagy, where Atg1 may have a structural role (2). Kamada and colleagues proposed that the kinase activity is necessary for Atg1 function in autophagy and showed that the kinase activity is induced after starvation by using a kinase-negative mutant of the Atg1 protein (14) . Recently, Kabeya and colleagues investigated the importance of the kinase activity of Atg1. They concluded that the kinase activity of Atg1 is essential for autophagy (12) . Several studies suggest a role for Atg1 in late stages of autophagy. Suzuki and colleagues showed that Atg1 is involved in a late stage of autophagosome formation (36) . In a recent study, Atg1 and its binding partners were found to be in an epistatic relationship with other ATG genes. Atg1 acts at later stages for localization of Atg8 (37). Atg1 is also important for retrieval of Atg9 and Atg23 from the site of autophagosome biogenesis, the preautophagosomal structure (PAS), and mitochondria (29, 30) . ATG9, which encodes an integral membrane protein involved in autophagy, is present in Dictyostelium; but a homologue of ATG23, which is required for the CVT pathway, has not been identified in the completed Dictyostelium genome.
The absence of Atg1-associated proteins and the apparent lack of the CVT pathway in Dictyostelium led us to ask whether DdAtg1 functions to initiate autophagy and whether the kinase activity and the conserved C-terminal region are required for DdAtg1 function. To address these questions, we examined the effects of expressing kinase-negative and truncated DdAtg1 proteins in parental and atg1 mutant cells. We find that the kinase activity of DdAtg1 is required for autophagy in Dictyostelium and that the kinase-negative DdAtg1 acts in a dominant-negative way when expressed in wild-type cells, blocking autophagy and development. The atg1-null and dominant-negative strains can form autophagosomes, but their maturation appears to be blocked, leaving engulfed material intact in a large vesicle that is surrounded by numerous smaller vesicles. The C-terminal domain of DdAtg1 is also essential for DdAtg1 function and the dominant-negative effects of the kinase-negative protein. Finally, we used a temperature-sensitive DdAtg1 to show that when DdAtg1 activity is blocked, development stops quickly but reversibly.
MATERIALS AND METHODS
Cell culture. All strains were derived from the uracil auxotroph DH1 and were grown in HL5 medium or in minimal medium (FM) with or without amino acids as previously described (26) . Amoebae were also grown on lawns of Klebsiella pneumoniae on SM plates at 22°C (35) . Development on Millipore filters has been described previously (35) . All strains were reisolated from frozen stocks every 4 to 6 weeks. Temperature-sensitive variants of ATG1 tend to revert or be suppressed and must be recovered from original stocks.
Growth and survival studies. For growth, cells were suspended in 25 ml of FM at 10 5 /ml. The number of cells was counted with a hemocytometer every 24 h. To measure survival during starvation, growing cells were suspended in 10 ml of FM without amino acids at 10 5 /ml and shaken at 120 rpm at 22°C. At the time points defined in the legend to Fig. 4 , 10 l of the culture or appropriate dilutions were plated on SM plates in association with K. pneumoniae, and the number of plaques that appeared after several days was counted.
Creation of mutant constructs. To create a kinase-negative Atg1, the conserved lysine, K36, was mutated to serine by site-directed mutagenesis using a Stratagene Quikchange kit. The primers used were GAACCCTTTGCCATAG CGGTTGTCGATGTTTGTAGATTAGCG and CGCTAATCTACAAACATC GACAACCGCTATGGCAAAGGGTTC. The same strategy was used to mutate P138 into S to prepare a temperature-sensitive DdAtg1. The primers used were GATTGTTCATAGGGATTTAAAATCACAAAATTTATTATTAAGTG and CACTTAATAATAAATTTTGTGATTTTAAATCCCTATGAACAATC.
DdAtg1 lacking the C-terminal 40 residues (DdAtg1⌬40) was amplified by PCR using the primers AAACGAGTAGGAGATTATATTTT and GGTCATC AGAATCAATTAC. The truncated protein containing only the kinase domain was amplified by the primers GAAACGAGTAGGAGATTATATTTT and CC ATTTATGATTAAAGAAATCTTCC.
Fusion constructs. All gene constructs were made in mRFPmars (where RFP is red fluorescent protein), pDXA, or pTX vectors, which contain the constitutively active actin15 promoter (19) (7, 20) . Green fluorescent protein (GFP)-tagged atg1 and atg carrying the mutation K36A (atg1 K36A ) were prepared by ligating SacI-digested atg1 and atg1 K36A with SacI-digested pDXA-HC. GFPAtg1⌬40-and GFP-DdAtg1 K36A ⌬40-expressing constructs were prepared by ligating BglII fragments containing GFP and the 5Ј end of atg1/atg1 K36A with a BglII fragment carrying the 3Ј end of DdAtg1⌬40/DdAtg1 K36A ⌬40 in the pDXA-HC plasmid.
GST-DdAtg1 and GST-DdAtg1 K36A were made by ligating SacI-digested atg1 and atg1 K36A with SacI-digested pDXA-HC-GST (where GST is glutathione transferase). pDXA-HC-GST was made by ligating the GST sequence amplified from pGEX1T (Pharmacia) with pDXA-HC, by using Kpn1 and SacI sites. The primers for the amplification of GST were CCGGTACCATGTCCCCTATACT AGGTTA and CCGAGCTCGGATCCACGCGGAACCAG.
GST-tagged atg1⌬40 and atg1 kinase-domain-only constructs were prepared by ligating EcoRI-digested pDXL-HC plasmid with EcoRI-digested atg1⌬40 and 
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TEKINAY ET AL. EUKARYOT. CELL atg1 kinase-domain-only sequences. atg1 sequences were prepared by inserting the PCR products described above into pGEM-T Easy (Promega). pDXL-HC was prepared by inserting a linker region containing an EcoRI site from PstIChtA-pCR2.1Topo (38) digested with HindIII/PstI into pDXA-HC digested with HindIII/NsiI. Ddatg8 was obtained by PCR with the primers GGGGATCCGT TCATGTATCAA and GGGGATCCTTATAAATCACTA and cloned into the BamHI restriction enzyme site of the RFPmars plasmid (7). Gene disruption and plasmid transformations. Cloning and disruption of the atg1, atg5, atg7, and atg8 genes have been described elsewhere, as have general methods of transformation and selection (26, 27) .
Kinase assays. Growing cells were pelleted, washed with SorC (16.7 mM Na 2 H/KH 2 PO 4 , 50 M CaCl 2 , pH 6.0), and lysed in TENT lysis buffer (50 mM Tris-HCl [pH 8.0], 2 mM EDTA, 150 mM NaCl, 1% Triton X-100) with protease inhibitors (1 tablet of Roche Complete mini-protease inhibitor per 10 ml of TENT) at 10 7 cells/ml. Samples were rapidly frozen in dry ice and stored at Ϫ80
C until use. Samples were thawed at 50 C and spun at 4 C for 15 min at 13,000 rpm in a benchtop centrifuge to remove the cell debris. Sixty microliters of glutathione-Sepharose beads (Amersham Biosciences) was added to the supernatant and mixed by gentle rotation at 4
C for 1 h. The beads were pelleted at 500 ϫ g for 2 min and washed three times with phosphate-buffered saline. The beads were divided in two for a kinase assay and Western blotting, which served as a loading control. For the kinase assay, the beads were washed three times with phosphate-buffered saline and suspended in kinase buffer (20 mM morpholineethanesulfonic acid, pH 6.5, 3 mM MgCl 2 , 100 mM NaCl, and 5 mM 2-mercaptoethanol) (6) . The beads were suspended in 40 l of kinase buffer that contained 25 M ATP and 25 Ci of [␥-
32 P]ATP (3,000 Ci/mmol, or 111 TBq/mmol; Perkin Elmer Easytides). After a 30-min incubation at room temperature, the reaction was terminated by adding protein gel electrophoresis buffer. The samples were then resolved in 10% polyacrylamide gel. The gel was dried, and radioactivity was detected by exposure to an X-ray film.
Fluorescence microscopy. To determine the cellular distribution of the several versions of DdAtg1, GFP or RFP coding sequences were fused to the N terminus of the DdAtg1 coding sequence. The fusion genes were under the control of the actin15 promoter in pTX or pDXA plasmids.
Cells growing in HL5 were transferred to 35-mm glass-bottom microwell dishes (MatTek) in FM. The cells expressing GFP were observed in FM (growing cells) or after 2 h in SorC (starving cells) using a Nikon Eclipse TE300 fluorescence microscope. For colocalization experiments, cells expressing GFPDdAtg1, GFP-DdAtg1 K36A , GFP-DdAtg1⌬40, or GFP-DdAtg1 K36A ⌬40 were transformed with a construct expressing RFP-DdAtg8. Cells were starved in FM without amino acids for 2 h, flattened by a thin layer of agarose, and fixed with 4% paraformaldehyde. The fluorescence was observed under a Zeiss 401-A LSM510 Meta confocal microscope.
Electron microscopy. The electron microscopy protocol has been described previously (3) . To estimate the number of autophagosomes formed, we defined an early or nascent autophagosome as a double-membrane-enclosed structure containing cytoplasm or organelles, where the outer and inner membranes are separated by an electron-lucent space and where the contents of the vacuole appear undigested. This definition corresponds with accepted morphology of an early autophagosome (see references 13 and 17 for examples). In some cases, more than one membrane may surround the engulfed contents. We defined an autophagolysosome or late autophagosome as a digestive vacuole, which sometimes lacks the inner delimiting membrane that surrounds engulfed material, the latter often showing evidence of degradation. In more advanced stages, only partially digested contents remain.
RESULTS
Structure of Dictyostelium Atg1. DdAtg1 is a serine/threonine kinase homologous to the S. cerevisiae autophagy protein Atg1 (21, 34) . The gene is composed of an N-terminal kinase domain (266 amino acids) and a C-terminal homology domain (122 amino acids) separated by a proline/serine-rich region (Fig. 1A) . Mutation of a conserved lysine in the ATP-binding loop, position 46 in mouse and 54 in budding yeast Atg1, results in a kinase-negative protein, which behaves as a dominant-negative when overexpressed (14) (39) . Mutation of a conserved proline to serine results in a temperature-sensitive kinase in other organisms (see below). The positions of the Dictyostelium K36A mutation that causes the dominant-negative phenotype and the P138S mutation that results in a temperature-sensitive DdAtg1 protein are indicated in Fig. 1A . The degrees of similarity between DdAtg1, the human (ULK2), and the C. elegans (UNC-51) homologues are shown (Fig. 1B) . We were not able to find any known motifs in the C-terminal homology region (http://smart.embl-heidelberg.de/).
The kinase activity and the conserved C-terminal region of DdAtg1 are essential for DdAtg1 function in autophagy and development. The S. cerevisiae Atg1 autophosphorylates and also phosphorylates myelin basic protein in vitro, and the mouse UNC51.1 also has autophosphorylation activity (14) (39) . Other targets of Atg1, if any, are not known. To investigate the function of the DdAtg1 kinase domain, we constructed a kinase-negative protein by site-directed mutagenesis (see Methods). We also prepared a truncation mutant of the DdAtg1 protein to test the importance of the conserved Cterminal region in autophagy and development.
To confirm that DdAtg1 K36A lacks kinase activity, a kinase assay was performed using the GST-tagged protein. We purified GST-tagged proteins after binding to glutathione beads and assayed autophosphorylation activity. Wild-type cells expressing the DdAtg1 plasmid showed autophosphorylation activity in both wild-type and atg1 null backgrounds (Fig. 2, lanes  1 and 4) . No autophosphorylation was observed for the kinasenegative protein in the atg1-1 null background (Fig. 2, lane 3) . However, the kinase-negative protein is phosphorylated when it is expressed in the wild-type background (Fig. 2, lane 2) . It migrates slightly faster than the control ATG1, perhaps because of a lesser degree of phosphorylation. The kinase domain (amino acids 2 to 266) and the DdAtg1⌬40 protein retained autophosphorylation activity, indicating that the Cterminal region does not regulate the autophosphorylation activity. After purification, the samples were divided in two, and half was used for phosphorylation assays, and the other half was used as a loading control for Western blotting (bottom panels). The Western blots show that all of the samples are expressed at the expected levels, although the truncated form tended to degrade. 
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To test whether DdAtg1 K36A rescues the developmental defect in atg1-1, we developed transformed mutant and wild type-cells on nitrocellulose filters. We confirmed that protein products of the predicted size were produced in transformed cells expressing GFP fusions by Western blotting using antibodies against GFP fused to mutant or wild-type DdAtg1 (data not shown). Overexpressing Atg1 does not affect the development of the wild-type cells and efficiently rescues the mutant phenotype of atg1-null cells (Fig. 3A, middle frames) .
Kinase-negative DdAtg1 K36A does not rescue the atg1-1 phenotype and shows dominant-negative activity in wild type, resulting in aggregation defects and a phenocopy of the atg1 mutant phenotype (Fig. 3A, right frames) . atg1 mutant cells expressing the truncated DdAtg1 missing the last 40 amino acids (DdAtg1⌬40) were not rescued in development (Fig. 3B) . Interestingly, parental DH1 cells expressing DdAtg1 K36A ⌬40 behaved like wild-type cells, showing that the conserved C-terminal region of DdAtg1 is required for the dominant-negative activity of the DdAtg1 K36A protein (Fig. 3B , upper right frame). We conclude that the kinase activity and the conserved C-terminal region of DdAtg1 are necessary for Dictyostelium development.
We asked whether the kinase activity and the conserved C-terminal region of DdAtg1 are essential for autophagy, in addition to development. The atg1 null cells die more rapidly in amino acid-free medium than other autophagy mutants. We tested the ability of GFP-tagged kinase-negative DdAtg1 and DdAtg1⌬40 to rescue the survival of atg1-1 cells in amino acid-free medium (Fig. 4) . GFP and GFP-DdAtg1 K36A expression did not restore the survival of atg1-1 in amino acid-free medium, whereas GFP-Atg1-expressing cells survive like the parental DH1 cells. DH1 cells expressing GFP-Atg1 K36A die rapidly in amino acid-free medium, suggesting that kinasenegative DdAtg1 acts through a dominant-negative mechanism and mimics the effect of the atg1-1 mutation in the DH1 strain. The atg1 null cells expressing the DdAtg1⌬40 and DdAtg1 K36A ⌬40 did not survive in the amino acid-free medium (Fig. 4B) . DH1 cells expressing DdAtg1 K36A ⌬40 survived well in this medium, again showing that unlike the DdAtg1 K36A protein, DdAtg1
K36A ⌬40 does not act as dominant negative. We confirmed that the kinase-negative protein behaves as a dominant negative in parental DH1 cells by TEM of amino acid-starved cells. DH1 cells expressing GFP-tagged wild-type or kinase-negative DdAtg1 were examined during growth or after 36 h of amino acid starvation. Growing cells of either strain were similar in the density of their cytoplasmic contents (Fig. 5, upper frames) . The cytoplasm is filled with organelles, ribosomes, and glycogen. These results are consistent with those previously observed in the null mutant of atg1-1 (26) . Starved DH1 cells that express DdAtg1 showed the expected signs of autophagy, with cytoplasm that appeared less electrondense, some dark granular masses, and very few mitochondria or other organelles (Fig. 5, lower left frame) . In contrast, DH1 cells that express DdAtg1
K36A looked similar to growing cells, with a dense and organelle-rich cytoplasm and no signs of autophagy (Fig. 5, lower right frame) . In the growing cells there are large vacuoles that disappear during the 36-h starvation period. These are likely to be the water-secreting contractile vacuoles (10) (5). Their disappearance does not depend on Atg1 activity.
Immature autophagosomes are formed in the kinase-negative mutant during starvation. We observed two additional ultrastructural phenomena with atg1 mutants starved for 36 h in nitrogen-free medium, both with the initial atg1-1 insertion mutant (28) and with the dominant-negative strain described above. We observed a significant number of nascent autophagosomes. These are rarely observed in wild-type cells (Table  1 ). Figure 6 shows examples of autophagosomes observed in cells that express dominant-negative DdAtg1 K36A (Fig. 6C to F) and one image of an autophagosome (or autophagolysosome) from a wild-type cell (Fig. 6D) . Some of the mutant autophagosomes are not completely closed and appear in ultrathin sections as a "C-shaped" membranous structure with a bulbous tip (Fig. 6E) . We cannot say whether these structures close like a purse or are more complicated cylindrical structures, but we suggest that these structures correspond to the isolation membranes in mammalian cells. The cytoplasmic content appears similar to the content on the exterior of the structures, and the presence of double membranes is also notable.
To confirm and quantify this observation, we counted the number of autophagosomes in starved cells. We defined a nascent autophagosome as a double-membrane-enclosed structure containing cytoplasm or organelles, where the outer and inner membranes are separated by an electron-lucent space and where the contents of the vacuole appear undigested (Table 1) (examples of autophagosomes can be found in references 13 and 17). We expected to find no autophagosomes formed in the atg1-null and DdAtg1
K36A mutants, but we consistently observed a significant number of nascent autophagosomes. If the cells are starved for 36 h, parental DH1 cells expressing wild-type DdAtg1 had 0.50 Ϯ 0.1 autophagosomes per TEM section in 51 cells examined. The DH1 cells expressing kinase-negative DdAtg1 K36A had 2.50 Ϯ 0.4 autophagosomes per TEM section in 51 observed cells (see Materials and Methods for details). This phenomenon is not typical for all of the autophagy mutants since another Dictyostelium autophagy mutant, atg5 Ϫ , had fewer autophagosomes (0.16 Ϯ Ϫ0.4), and these were small compared to the other two strains (Table 1) .
In addition to autophagosomes, we observed the same large collections of small vesicles inside an electron-dense region ( Fig. 6A and B) as in atg1-1 cells. We observed single-and double-membrane vesicles. The double-membrane vesicles appear only outside the electron-dense region. Inside the electron-dense region, the vesicles have only a single membrane. These occupy a significant volume of the cell and often have early or forming autophagosomes closely associated. We do not know the nature of this population of vesicles. We suggest that the loss of DdAtg1 or of its kinase activity may affect autophagosome fusion with vesicles that are necessary for maturation.
The kinase-negative DdAtg1 K36A colocalizes with the canonical marker of autophagosomes, DdAtg8. GFP-tagged DdAtg1 and DdAtg1 K36A were expressed in DH1 (parental) and atg1-1 strains to observe their localization. In budding yeast, Atg1 localizes to the PAS, typically a single spot in cells (36 showed only diffuse cytoplasmic background under both growth and starvation conditions; no punctate structures were observed after 2 h of starvation in SorC buffer (Fig. 7A , far left frames). In contrast, DdAtg1 K36A-expressing cells had localized spots of GFP fluorescence in addition to cytoplasmic localization in both DH1 and atg1-1 backgrounds (Fig. 7A) . The fluorescence in these structures was not homogenous, and they contained bright punctate areas. The same structures were also observed in growing GFP-DdAtg1 K36A -expressing cells but not in growing GFP-DdAtg1-expressing cells (not shown). We observed the same localization pattern in growing and starving atg5 Ϫ , atg7 Ϫ , and atg8 Ϫ mutants expressing GFP-DdAtg1
K36A
(data not shown). Thus, the localization of the kinase-negative protein to punctate structures does not depend on DdAtg5, DdAtg7, or DdAtg8, which are components of a ubiquitin-like conjugation system that is essential for autophagy. Cells expressing DdAtg1 K36A ⌬40 showed a very strong punctate localization, unlike the weak signal of the localization of DdAtg1 K36A (Fig. 7A, far right frames) . Irrespective of the genetic background, accumulation of the kinase-negative protein is comparable to that of GFP-DdAtg1 as determined by Western blotting with an anti-GFP antibody (data not shown). This stabilization or oversynthesis of the mutant protein may be one reason that it accumulates in these nonautophagic structures.
Next, we asked whether DdAtg1 K36A colocalizes with the marker of autophagosomes, DdAtg8. We transformed DH1 cells with plasmids expressing GFP-DdAtg1 K36A or GFPDdAtg1 K36A ⌬40 and RFP-DdAtg8, flattened the cells with a thin layer of agarose, fixed them, and observed them by confocal fluorescence microscopy. Two examples are shown for each cell type. DdAtg1
K36A is colocalized with DdAtg8 on dilated structures similar to those observed for GFPDdAtg1 K36A (Fig. 7B, left frames) . The C-terminal conserved region of DdAtg1 is required for this localization because DdAtg1 K36A ⌬40 does not colocalize with RFP-DdAtg8 (Fig.  7B, right frames) . DdAtg8 is localized to punctate structures in wild-type cells; however, this localization patterns changes, and DdAtg8 is localized to more dilated structures in autophagy mutants, including atg1 mutant cells.
Atg1 activity is required throughout Dictyostelium development. We asked whether autophagy is required throughout development, how long the cells can develop after autophagy is blocked, and whether such a block is reversible. We created a temperature-sensitive mutant of Atg1 by changing the proline residue at position 138 to serine (Fig. 1A) . The mutation was described first by Carr and colleagues, who showed that a mutation of proline 137 to serine in the Schizosaccharomyces pombe cdc2 gene results in a temperature-sensitive phenotype and causes cell cycle arrest when shifted to restrictive temperature (4). Hsu and Perrimon showed that the same mutation in the conserved proline 210 caused a temperature-sensitive phenotype in the MEK dual-specificity threonine/tyrosine kinase ⌬40 and RFP-DdAtg8. These cells were starved for 2 h, flattened by a thin layer of agarose, fixed by 4% paraformaldehyde, and observed with a confocal microscope. Note colocalization of DdAtg1 K36A and DdAtg8. Bar, 1 m. (Fig. 8A) . The wild-type DdAtg1 complements the developmental defect of atg1-1 at both 20°C and 27°C, although less efficiently at 27°C (Fig. 8A, upper frames) . Except for a few rudimentary aggregates, the null cells carrying the DdAtg1 ts allele did not develop at the restrictive temperature. For these experiments, cells were grown at 27°C in HL5 growth medium for 1 day before the experiment to inactivate residual DdAtg1.
To determine the importance of DdAtg1 at the aggregation stage, we performed temperature-shift experiments. We developed atg1-1 cells expressing DdAtg1 or DdAtg1 ts proteins at 20°C for 9 h and transferred them to 27°C. At that time the cells of both populations had formed mounds of cells, as shown in Fig. 8B (left frames) . After a further 30 h of development at 27°C, DdAtg1-expressing cells had formed fruiting bodies, whereas DdAtg1 ts -expressing cells remained arrested at the mound stage, showing little progression (Fig. 8B, right frames) . To investigate the requirement for DdAtg1 function at the slug stage (18 h of development), we performed a shift-up experiment. The left frames in Fig. 8C show the slugs at the time of shift to 27°C. Twenty hours later the transformants harboring the plasmid with the wild-type sequence had formed fruiting bodies, but the DdAtg1 ts cells were arrested at the slug stage (Fig. 8C, right frames) .
A shift-down experiment showed that the inhibition of development is reversible. At the time of the shift-down, DdAtg1 ts cells kept at 27°C had not aggregated (Fig. 8D ), but after a further 24 h at 20°C, they had made normal fruiting bodies. The results suggest that Atg1 and the autophagy pathway in general are necessary throughout the development of Dictyostelium. We infer from these data that cells may not have a large reserve of energy and metabolites and that the rate of autophagy is coordinated with the energy needs of development.
DISCUSSION
In the current work, we have further characterized the D. discoideum serine/threonine kinase Atg1. DdAtg1 kinase has a C-terminal domain that is conserved in the C. elegans, mouse, and human Atg1 homologues (Fig. 1B) . We used a kinasenegative DdAtg1 in which lysine 36 was changed to alanine, a temperature-sensitive DdAtg1 in which proline 138 was mutated to serine, and truncation mutants to analyze DdAtg1 function.
Studies in S. cerevisiae have shown that a number of proteins interact with Atg1 and control the choice between the CVT pathway and autophagy (reviewed in reference 15). The genes that code for some of these interacting proteins, which include Atg13, Atg17, and Atg23, are not detected in the genomes of Dictyostelium or in animals. ATG23 is CVT specific and therefore might not be expected to occur in Dictyostelium, but the absence of the other proteins caused us to ask whether regulation of Atg1 in D. discoideum is different from budding yeast.
Our results suggest that the kinase activity and the conserved C-terminal region are essential for DdAtg1 function during autophagy and development. When expressed in wild-type cells, DdAtg1
K36A acts as a dominant-negative protein and produces the same phenotype as the atg1-null cells (Fig. 3A  and 4A ). The C. elegans UNC-51 and mouse UNC51.1 proteins also have dominant-negative activity when mutated in the kinase domain, causing neurological defects (25, 39) . The DdAtg1 homologue of C. elegans, UNC-51, forms homo-oligomers (24) . However, the dominant-negative activity of DdAtg1 K36A is lost when part of the C-terminal conserved region is removed (Fig. 3B and 4B ), which implies that the C-terminal conserved region is required for DdAtg1 K36A to exert its dominant-negative activity, possibly by regulating its association with other proteins or membranous structures. The C. elegans Atg1 homologue, UNC-51, interacts with the UNC-14 protein through its C-terminal domain (24) . We were not able to find a homologue of UNC-14 in the completely sequenced Dictyostelium genome.
The TEM data show that the DdAtg1 kinase-negative mutant is defective in turnover of its cytoplasmic contents, like the atg1-null and other autophagy mutants (Fig. 5) (26, 27) . They have undegraded cytoplasm and a significant number of mitochondria. Expression of the kinase-negative DdAtg1 protein in DH1 cells also phenocopies the atg1-1 mutation with respect to the large vesicle clusters observed in an electron-dense region in the cytoplasm (Fig. 6A ). This region contains many small vesicles but is not membrane bound. Inside this region, the vesicles have a single membrane; outside they have double membranes ( Fig. 6B ; a black line has been drawn to separate the two regions). This region may be the dilated structure we observe by immunofluorescence in Fig. 7 . As shown in Fig. 6C , E, and F, nascent autophagosomes are found in DdAtg1 K36A -expressing cells as well as in atg1-1 cells. We counted the number of early and late autophagosomes in different starving autophagy mutants. There were almost no autophagosomes present in the atg5 mutant. DdAtg1
K36A -expressing cells and atg1-1 mutant cells have an increased number of these autophagosomes, and they appear to be arrested during formation or maturation. The significant increase in the number of nascent autophagosomes suggests that DdAtg1 may not be essential for autophagosome formation but may be required for later stages of autophagosome maturation. It is also possible that there is a redundancy in autophagosome formation, with another Atg1 homologue functionally substituting for DdAtg1 in atg1 mutant cells but unable to fulfill DdAtg1 function(s) later in autophagosome maturation.
The kinase-negative DdAtg1 is mislocalized to dilated structures during growth and starvation, unlike the diffuse cytoplasmic localization of the wild-type protein (Fig. 7A) . At this dilated structure, kinase-negative DdAtg1 colocalizes with the autophagy marker DdAtg8, which is lost in the cells expressing DdAtg1 K36A ⌬40 (Fig. 7B) . Because of colocalization with DdAtg8, the dilated structures labeled by DdAtg1 K36A appear to be autophagosomes, but we do not know the nature of the observed structures labeled with DdAtg1 K36A ⌬40. They could be nonspecific cytoplasmic aggregates. Based on these results we propose that the conserved C-terminal region of DdAtg1 is required for its association with autophagosomal structures or the PAS. After recruitment to these structures, through its kinase activity DdAtg1 is recycled from the membrane, since the kinase-negative DdAtg1
K36A is arrested at dilated structures that also contain DdAtg8. This model also explains the dominant-negative activity of DdAtg1 K36A and the lack of this activity in the cells expressing DdAtg1 K36A ⌬40. We propose that, DdAtg1 K36A , when arrested at these dilated structures, prevents association of endogenous DdAtg1 by blocking all available binding sites on these structures, resulting in inhibition of DdAtg1 function and an atg1-null phenotype in the wild-type background. In the wild-type cells expressing DdAtg1 K36A ⌬40, the dominant-negative activity is lost because DdAtg1 K36A ⌬40 is not able to associate with the dilated structure, allowing wild-type DdAtg1 to perform its function. In line with our results, Atg1 is important for the retrieval of Atg9 and Atg23 from the PAS in budding yeast (31) . DdAtg1 may help shuttling of DdAtg9 or another autophagy protein between the mitochondria and the preautophagosomal structure (29, 30) .
Substitution of proline 138 to serine resulted in a temperature-sensitive DdAtg1 protein. The experiments with DdAtg1 ts suggest that DdAtg1 is required throughout development and not only in the early stages when nutrient retrieval/recycling would be expected to be especially important (Fig. 8) . Even if DdAtg1 activity is inhibited by temperature shift after 16 h into development, slugs are arrested at that stage and do not progress. This result is consistent with the idea that a constant turnover of proteins and organelles is required to obtain the molecular constituents and energy needed for development. If there were a reserve of material and energy accumulated during growth, we would expect the aggregates to progress in development, which does not appear to be the case. Another explanation is that a pathway independent from autophagy regulated by DdAtg1 is required for progression of development in the later stages.
